Vapor-phase ketonization of propionic acid derived from biomass was studied at 300-375 • C over ZrO 2 with different zirconia polymorph. The tetragonal ZrO 2 (t-ZrO 2 ) are more active than monoclinic ZrO 2 (m-ZrO 2 ). The results of characterizations from X-ray diffraction (XRD) and Raman suggest m-ZrO 2 and t-ZrO 2 are synthesized by the solvothermal method. NH 3 and CO 2 temperature-programmed desorption (NH 3 -TPD and CO 2 -TPD) measurements show that there were more medium-strength Lewis acid base sites with lower coordination exposed on m-ZrO 2 relative to t-ZrO 2 , increasing the adsorption strength of propionic acid. The in situ DRIFTS (Diffuse reflectance infrared Fourier transform spectroscopy) of adsorbed propionic acid under ketonization reaction reveal that as the most abundant surface intermediates, the monodentate propionates are more active than bidentate propionates. In comparison with m-ZrO 2 , the t-ZrO 2 surface favors monodentate adsorption over bidentate adsorption. Additionally, the adsorption strength of monodentate propionate is weaker on t-ZrO 2 . These differences in adsorption configuration and adsorption strength of propionic acid are affected by the zirconia structure. The higher surface concentration and weaker adsorption strength of monodentate propionates contribute to the higher ketonization rate in the steady state.
Introduction
The depletion of fossil fuels and the increase in environmental issues are leading researchers to search for alternative energy sources [1] [2] [3] . Thus, investigations of biomass have been widely carried out. Biomass can be easily converted to bio-oil via fast pyrolysis [1, 4] . Carboxylic acid constitutes an important component of bio-oil, which possesses acidity and instability. Therefore, during the upgrading of bio-oil, the efficient conversion of carboxylic acid is an important step in reducing corrosiveness and enhance stability. In comparison to other reactions of carboxylic acid [5, 6] , their ketonization is an attractive one due to there being no H 2 consumption. This leads to two carboxylic acid molecules achieving C-C coupling, dehydration and decarboxylation, forming ketone, water and CO 2 . In addition, the product of ketone, possessing higher energy content, can be further converted into longer chain hydrocarbons via aldol condensation [7, 8] .
The ketonization reaction can be performed on two types of catalysts, metal oxide [9] [10] [11] [12] [13] [14] and zeolite [15, 16] , in the vapor phase and aqueous phase. The amphoteric metal oxides show higher catalytic activity, such as MnO 2 , TiO 2 , ZrO 2 , CeO 2 , etc. [12, [17] [18] [19] [20] [21] [22] . The reaction activity of carboxylic acid ketonization is strongly influenced by the surface structure of metal oxides [23] [24] [25] [26] [27] . Kim et al. performed carboxylic acid reaction on the TiO 2 single-crystal surface [23] . The carboxylic acid was converted to produce ketene through unimolecular dehydration on the (011) surface and to form ketone via bimolecular reaction on the (114) surface. They attributed this difference of products to the different zirconia polymorph on propionic acid ketonization in the vapor phase has been studied. Monoclinic and tetragonal zirconia were prepared by solvothermal method using water and methanol as solvents, respectively, and tested for ketonization of propionic acid at 300-375 °C. A series of characterizations demonstrated that two zirconia morphologies were formed. The greater number of medium-strength Lewis acid-base sites with lower coordination exposed on the m-ZrO2 surface are in contrast with the values obtained for t-ZrO2. The in situ DRIFTS showed that the monodentate propionates are much more active than the bidentate propionates during ketonization. In comparison with m-ZrO2, t-ZrO2 favored monodentate adsorption over bidentate adsorption, and weakened adsorption strength of monodentate propionates, which led to the ketonization rate of propionic acid enhanced on t-ZrO2.
Results and Discussion

Catalyst Characterizations
Structure Identification
The XRD patterns of ZrO2 are shown in Figure 1A . The main peaks at 24.2, 28.2, 31.4, 40.8, 45.0, 50.0 and 55.6° are assigned to the monoclinic phase of ZrO2 (m-ZrO2, JCPDS cards no. [38, 39] . While the four peaks at 30.2, 35.2, 50.4 and 60.0° belong to the tetragonal phase of ZrO2 (t-ZrO2, JCPDS cards no. . The crystallite size and lattice distance were both measured by XRD, listed in Table  1 . The calculation results using the Scherrer equation show that the crystallite size of m-ZrO2 is 9.5 nm, which is larger than that of t-ZrO2 (8.4 nm). The lattice distance is 0.3164 nm and 0.2987 nm, corresponding to the (-111) plane of m-ZrO2 and the (111) plane of t-ZrO2, respectively. Considering the similar diffractograms between the tetragonal and cubic zirconia phases (t-ZrO2 or c-ZrO2), the Raman spectra of ZrO2 were performed to distinguish their structures, as shown in Figure 1B . The Raman spectra of ZrO2 shows vibration bands at 105, 179, 188, 222, 307, 334, 344, 381, 480, 557, 617, and 632 cm −1 , which are assigned to the m-ZrO2 [39, 40] . Meanwhile, the vibration bands at 150, 272, 315, 462 and 642 cm −1 belong to t-ZrO2 [39, 40] . The XRD and Raman characterizations both confirm that m-ZrO2 and t-ZrO2 have been synthesized using solvothermal method. In addition, the polymorph of two catalysts presented no changes after propionic acid ketonization at 350 °C for 1 h ( Figure S1 ). The BET surface area and pore volume of ZrO2 were measured by the N2 adsorptiondesorption. As shown in Figure S2 , the N2 sorption isotherms correspond to the type IV, suggesting the stacking of crystallites results in the formation of mesoporous. The surface area of m-ZrO2 (103 m 2 /g) is smaller than that of t-ZrO2 (127 m 2 /g), which is consistent with the larger crystallite size of m-ZrO2. 
Surface Properties
The surface chemistry properties were investigated by XPS analysis. Figure 2 shows the XPS spectra of Zr 3d and O 1s regions of ZrO 2 . The Zr 3d spectra exhibit two peaks of Zr 3d 3/2 and 3d 5/2 [30, 41] . For t-ZrO 2 , the binding energy at Zr 3d 3/2 and 3d 5/2 are 184.18 and 181.74 eV, respectively, which both shift slightly to the higher binding energy by 0.14 eV compared to that of m-ZrO 2 . This result indicates that the electrons become deficient on t-ZrO 2 . The O 1s spectra were fitted by two peaks. The lower binding energy at~529.9 eV is ascribed to the lattice oxygen (O-I), whereas the higher binding energy at~531.9 eV is attributed to the oxygen ions with lower coordination or hydroxyl-like groups (O-II) [41, 42] . The area ratios of O-II and O-I are similar, and are 0.16 on m-ZrO 2 and 0.18 on t-ZrO 2 .
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NH 3 -TPD was performed to further investigate the acidity of ZrO 2 , displayed in Figure 3A . In addition, the densities of acid sites were calculated and listed in Table 2 . The acidity of Lewis acid sites is dependent on their coordination. According to the broad and asymmetric features of NH 3 -TPD profiles, the profiles were fitted into three peaks. In accordance with previous studies [39, 45] , the centers of desorption peak adsorbed on the weak acid site, the medium strength acid site and the strong acid site are below 200 • C, between 200 and 400 • C, and above 400 • C, respectively. The densities of weak acid sites are same on the two ZrO 2 catalysts. There are no strong acid sites present on the two catalysts surface. The third desorption peak shifts slightly from 341 • C on m-ZrO 2 to 347 • C on t-ZrO 2 , which corresponds to the adsorption on the lower coordination Zr 4+ cations assigned to the medium strength acid site. This implies that the acid strength of the medium strength acid site increases slightly on t-ZrO 2 , which is consistent with the change of binding energies of Zr 3d. However, the intensity of that peak on t-ZrO 2 is much lower than that on m-ZrO 2 , suggesting the more Zr 4+ cations with lower coordination existence on m-ZrO 2 .
base sites calculated are shown in Figure 3B and Table 2 . For metal oxides, the coordinatively unsaturated oxygen ions act as base sites, whose basicity is also related to the coordination [26] . The profiles were divided into three regions according to the desorption temperature. The desorption peak (<200 °C) is assigned to CO2 adsorption on the weak base site (surface -OH group) with the formation of bicarbonate, the desorption peak (200 ~ 400 °C) is attributed to CO2 adsorption on the medium-strength base site (M x+ -O 2− pair) along with the formation of bidentate carbonate, and the desorption peak (>400 °C) is ascribed to CO2 adsorption on the strong base site (low-coordination O 2− ) accompanying the formation of unidentate or polydentate carbonate [34, 45] . Few strong base sites are present on the catalysts, 0.02 μmol/m 2 on m-ZrO2 and 0.03 μmol/m 2 on t-ZrO2. In contrast with tZrO2, on the surface of m-ZrO2, the concentration of weak base sites is smaller, but the amount of medium-strength base sites is higher. This result indicates that a greater number of low-coordination O 2− ions of M x+ -O 2− pairs is exposed on the m-ZrO2 surface. NH3-TPD and CO2-TPD suggest that there are more medium-strength Lewis acid base sites with lower coordination exposed on m-ZrO2 than on t-ZrO2, which is related to the different structures of m-ZrO2 and t-ZrO2. In addition, those sites possess stronger acid-base properties, and thus strengthen propionic acid adsorption [26] . 
Catalytic Performance
100 200 300 400 500 600 100 200 300 400 500 600 CO 2 -TPD was used to probe the basicity of ZrO 2 . The profiles of CO 2 desorption and densities of base sites calculated are shown in Figure 3B and Table 2 . For metal oxides, the coordinatively unsaturated oxygen ions act as base sites, whose basicity is also related to the coordination [26] . The profiles were divided into three regions according to the desorption temperature. The desorption peak (<200 • C) is assigned to CO 2 adsorption on the weak base site (surface -OH group) with the formation of bicarbonate, the desorption peak (200~400 • C) is attributed to CO 2 adsorption on the medium-strength base site (M x+ -O 2− pair) along with the formation of bidentate carbonate, and the desorption peak (>400 • C) is ascribed to CO 2 adsorption on the strong base site (low-coordination O 2− ) accompanying the formation of unidentate or polydentate carbonate [34, 45] . Few strong base sites are present on the catalysts, 0.02 µmol/m 2 on m-ZrO 2 and 0.03 µmol/m 2 on t-ZrO 2 . In contrast with t-ZrO 2 , on the surface of m-ZrO 2 , the concentration of weak base sites is smaller, but the amount of medium-strength base sites is higher. This result indicates that a greater number of low-coordination O 2− ions of M x+ -O 2− pairs is exposed on the m-ZrO 2 surface. NH 3 -TPD and CO 2 -TPD suggest that there are more medium-strength Lewis acid base sites with lower coordination exposed on m-ZrO 2 than on t-ZrO 2 , which is related to the different structures of m-ZrO 2 and t-ZrO 2 . In addition, those sites possess stronger acid-base properties, and thus strengthen propionic acid adsorption [26] .
The catalytic activity of m-ZrO 2 and t-ZrO 2 for propionic acid ketonization were studied at 300-375 • C and atmospheric pressure in the integral fixed-bed reactor with the same space time (W/F, defined as ratio of catalyst weight and propionic acid flow rate, g cat ·g feed −1 ·h) of 0.05 h, as shown in Figure 4 . The conversion of propionic acid is enhanced with increasing the temperature from 300 • C to 375 • C ( Figure 4A ). The main product is 3-pentanone, the selectivity of which is higher than 97.5% on the two catalysts ( Figure 4B ), and the minor products include methylketene, propionic anhydride and propanal, in accordance with others' reports on ZrO 2 [25, 26] . The surface-based intrinsic reaction rate of propionic acid is higher on t-ZrO 2 than that on m-ZrO 2 in the temperature range of 300-375 • C ( Figure 5 ), which is consistent with previous studies on acetic acid ketonization [28, 31] .
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DRIFTS Study of Propionic Acid and 3-Pentanone Adsorption on the Surface of ZrO2
To elucidate the influence factors on the different reaction activity of propionic acid over m-ZrO2 and t-ZrO2, the propionic acid adsorption was investigated under reaction conditions using DRIFTS. Figure 7 and Figure S4 display the spectra recorded. The peaks at 1789 and 1769 cm −1 are assigned to the C=O stretching vibration (νC=O) of vapor-phase propionic acid (C2H5COOH) [37, 46] . Based on the literature [5, 46, 47] , the bands at 2981, 2944, and 2887 cm −1 are ascribed to the C-H stretching vibration (νC-H), the bands at 1374 and 1294 cm −1 are attributed to the C-H bending vibration (δC-H), and the band at 1080 cm −1 belongs to the C-H in-plane rocking vibration (ρC-H). The dissociated adsorption configurations of propionic acid (Scheme 1) can be distinguished through the △νOCO (νas-νs, frequency separation between the asymmetric vibration (νas) and the symmetric vibration (νs) of OCO bonds). In addition, △νOCO follows the order of monodentate > free ionic > bidentate [48, 49] , and the ionic △ν of sodium propionate is 158 cm −1 [37] . Thus, the monodenate propionates (C2H5COO*) are detected on m-ZrO2 and t-ZrO2, locating at 1590, 1417 cm −1 and 1597, 1414 cm −1 , respectively. Besides those, two kind bidentate propionates (*C2H5COO*) are observed on m-ZrO2 and t-ZrO2, including chelating bidentate propionates (1556, 1560 cm −1 ) and bridging bidentate propionates (1512, 1470 cm −1 ; 1511, 1470 cm −1 ) [5, 16, 47] . The peaks of 1597 and 1560 cm −1 on t-ZrO2 shift to the lower wavenumber on m-ZrO2 (1590 and 1556 cm −1 ), indicating the stronger adsorption of propionic acid on m-ZrO2. With increasing the time of propionic acid fed, the intensity of C2H5COOH peaks increases, then decreases rapidly and disappears after the removal of propionic acid in the vapor phase. During propionic acid fed, a peak at 2358 cm −1 is detected on t-ZrO2 surface ( Figure S4C ), which belongs to the asymmetric stretching mode of CO2 binding with coordinatively unsaturated Zr 4+ cations [50] . However, a tiny CO2 peak is observed on the m-ZrO2 surface ( Figure S4A ). This result indicates that less CO2 is produced on m-ZrO2 than on t-ZrO2, which is consistent with the lower ketonization rate of propionic acid on m-ZrO2 (Section 2.2). 
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To elucidate the influence factors on the different reaction activity of propionic acid over m-ZrO 2 and t-ZrO 2 , the propionic acid adsorption was investigated under reaction conditions using DRIFTS. Figure 7 and Figure S4 display the spectra recorded. The peaks at 1789 and 1769 cm −1 are assigned to the C=O stretching vibration (ν C=O ) of vapor-phase propionic acid (C 2 H 5 COOH) [37, 46] . Based on the literature [5, 46, 47] , the bands at 2981, 2944, and 2887 cm −1 are ascribed to the C-H stretching vibration (ν C-H ), the bands at 1374 and 1294 cm −1 are attributed to the C-H bending vibration (δ C-H ), and the band at 1080 cm −1 belongs to the C-H in-plane rocking vibration (ρ C-H ). The dissociated adsorption configurations of propionic acid (Scheme 1) can be distinguished through the ν OCO (ν as -ν s , frequency separation between the asymmetric vibration (ν as ) and the symmetric vibration (ν s ) of OCO bonds). In addition, ν OCO follows the order of monodentate > free ionic > bidentate [48, 49] , and the ionic ν of sodium propionate is 158 cm −1 [37] . Thus, the monodenate propionates (C 2 H 5 COO*) are detected on m-ZrO 2 and t-ZrO 2 , locating at 1590, 1417 cm −1 and 1597, 1414 cm −1 , respectively. Besides those, two kind bidentate propionates (*C 2 H 5 COO*) are observed on m-ZrO 2 and t-ZrO 2 , including chelating bidentate propionates (1556, 1560 cm −1 ) and bridging bidentate propionates (1512, 1470 cm −1 ; 1511, 1470 cm −1 ) [5, 16, 47] . The peaks of 1597 and 1560 cm −1 on t-ZrO 2 shift to the lower wavenumber on m-ZrO 2 (1590 and 1556 cm −1 ), indicating the stronger adsorption of propionic acid on m-ZrO 2 . With increasing the time of propionic acid fed, the intensity of C 2 H 5 COOH peaks increases, then decreases rapidly and disappears after the removal of propionic acid in the vapor phase. During propionic acid fed, a peak at 2358 cm −1 is detected on t-ZrO 2 surface (Figure S4C ), which belongs to the asymmetric stretching mode of CO 2 binding with coordinatively unsaturated Zr 4+ cations [50] . However, a tiny CO 2 peak is observed on the m-ZrO 2 surface ( Figure S4A ). This result indicates that less CO 2 is produced on m-ZrO 2 than on t-ZrO 2 , which is consistent with the lower ketonization rate of propionic acid on m-ZrO 2 (Section 2.2). To clearly distinguish the variations of C2H5COO* and *C2H5COO* on the two catalysts, the spectra were fitted using Lorentzian and/or Gaussian function sums. Figure S5 displays the examples of fitted spectra of adsorbed propionic acid, which correspond to 15 min spectra of Figure 7A , 7C. Figure 8 shows the fit results. The peak area of 1080 cm −1 , 1590 cm −1 , and the sum of 1560 and 1510 cm −1 were used to represent the total concentration of adsorbed propionic acid, the density of C2H5COO* and *C2H5COO* on the catalysts surface, respectively [47] . As shown in Figure 8A , the total concentration of adsorbed propionic acid increases until near saturation coverages over the both catalysts with increasing adsorption time. After the removal of propionic acid in the vapor phase, the amount of total adsorbed propionic acid decreases with the extension of time. In accordance with the report by Foraita et al., the total concentration of adsorbed propionic acid on m-ZrO2 is more than that on t-ZrO2 [47] , due to the more acid-base sites existence. The change trends of C2H5COO* concentration are obvious and similar with that of total adsorbed propionic acid ( Figure 8B ). At the To clearly distinguish the variations of C2H5COO* and *C2H5COO* on the two catalysts, the spectra were fitted using Lorentzian and/or Gaussian function sums. Figure S5 displays the examples of fitted spectra of adsorbed propionic acid, which correspond to 15 min spectra of Figure 7A , 7C. Figure 8 shows the fit results. The peak area of 1080 cm −1 , 1590 cm −1 , and the sum of 1560 and 1510 cm −1 were used to represent the total concentration of adsorbed propionic acid, the density of C2H5COO* and *C2H5COO* on the catalysts surface, respectively [47] . As shown in Figure 8A , the total concentration of adsorbed propionic acid increases until near saturation coverages over the both catalysts with increasing adsorption time. After the removal of propionic acid in the vapor phase, the amount of total adsorbed propionic acid decreases with the extension of time. In accordance with the report by Foraita et al., the total concentration of adsorbed propionic acid on m-ZrO2 is more than that on t-ZrO2 [47] , due to the more acid-base sites existence. The change trends of C2H5COO* concentration are obvious and similar with that of total adsorbed propionic acid ( Figure 8B To clearly distinguish the variations of C 2 H 5 COO* and *C 2 H 5 COO* on the two catalysts, the spectra were fitted using Lorentzian and/or Gaussian function sums. Figure S5 displays the examples of fitted spectra of adsorbed propionic acid, which correspond to 15 min spectra of Figure 7A ,C. Figure 8 shows the fit results. The peak area of 1080 cm −1 , 1590 cm −1 , and the sum of 1560 and 1510 cm −1 were used to represent the total concentration of adsorbed propionic acid, the density of C 2 H 5 COO* and *C 2 H 5 COO* on the catalysts surface, respectively [47] . As shown in Figure 8A , the total concentration of adsorbed propionic acid increases until near saturation coverages over the both catalysts with increasing adsorption time. After the removal of propionic acid in the vapor phase, the amount of total adsorbed propionic acid decreases with the extension of time. In accordance with the report by Foraita et al., the total concentration of adsorbed propionic acid on m-ZrO 2 is more than that on t-ZrO 2 [47] , due to the more acid-base sites existence. The change trends of C 2 H 5 COO* concentration are obvious and similar with that of total adsorbed propionic acid ( Figure 8B ). At the Catalysts 2019, 9, 768 9 of 15 lower coverage of propionic acid, there are more C 2 H 5 COO* on m-ZrO 2 than on t-ZrO 2 , which may be due to the stronger adsorption of propionic acid and the lower activity of m-ZrO 2 . However, the C 2 H 5 COO* becomes more on t-ZrO 2 relative to on m-ZrO 2 when the ketonization reaches a steady state at 15 min. The amount of C 2 H 5 COO* on m-ZrO 2 and t-ZrO 2 decreases gradually with time after stopping propionic acid fed because of reaction and desorption. More *C 2 H 5 COO* is adsorbed onto the m-ZrO 2 surface than onto t-ZrO 2 ( Figure 8B ). The slight changes of *C 2 H 5 COO* are observed on the two catalysts throughout the whole process. Furthermore, the *C 2 H 5 COO* decreases slowly and there is less contrast with C 2 H 5 COO* after the removal of propionic acid, owing to the stronger binding with catalysts surface. The *C 2 H 5 COO* may even be converted to C 2 H 5 COO*, directly proceeding ketonization, or be desorbed [19, 25, 26, 32] . Figure 8B) . The slight changes of *C2H5COO* are observed on the two catalysts throughout the whole process. Furthermore, the *C2H5COO* decreases slowly and there is less contrast with C2H5COO* after the removal of propionic acid, owing to the stronger binding with catalysts surface. The *C2H5COO* may even be converted to C2H5COO*, directly proceeding ketonization, or be desorbed [19, 25, 26, 32] .
C2H5COO* becomes
Based on the above analysis of DRIFTS, the C2H5COO* is much more active than the *C2H5COO*, as has been demonstrated by Wang et al. using DFT and experiments [25, 26] . Additionally, the ratio of monodentate to bidentate propionate on t-ZrO2 is smaller than that on m-ZrO2. The adsorption strength of propionic acid on m-ZrO2 is stronger than that on t-ZrO2, which is caused by the more medium-strength acid-base sites with lower coordination exposing on the m-ZrO2 surface. The stronger adsorption of propionic acid is not of benefit to improving ketonization activity. These differences in adsorption strength and adsorption configurations of propionic acid on the two catalysts are related to the different structures of m-ZrO2 and t-ZrO2. Thus, the higher surface concentration and weaker adsorption of C2H5COO* on t-ZrO2 contribute to the higher ketonization rate of propionic acid on t-ZrO2 versus on m-ZrO2 during the steady-state ketonization. Scheme 2 displays the possible surface reaction of propionic acid ketonization over ZrO2 based on the in situ DRIFTS results and the previous reports [19, 25, 26] . Propionic acid dissociative adsorbs on the acid-base site as monodentate and bidentate adsorption modes, then forms enolate through α-H abstraction by the vicinal base site. After that, enolate and neighboring propionic acid proceed C-C coupling, dehydration and decarboxylation forming 3-pentanone, H2O and CO2. Based on the above analysis of DRIFTS, the C 2 H 5 COO* is much more active than the *C 2 H 5 COO*, as has been demonstrated by Wang et al. using DFT and experiments [25, 26] . Additionally, the ratio of monodentate to bidentate propionate on t-ZrO 2 is smaller than that on m-ZrO 2 . The adsorption strength of propionic acid on m-ZrO 2 is stronger than that on t-ZrO 2 , which is caused by the more medium-strength acid-base sites with lower coordination exposing on the m-ZrO 2 surface. The stronger adsorption of propionic acid is not of benefit to improving ketonization activity. These differences in adsorption strength and adsorption configurations of propionic acid on the two catalysts are related to the different structures of m-ZrO 2 and t-ZrO 2 . Thus, the higher surface concentration and weaker adsorption of C 2 H 5 COO* on t-ZrO 2 contribute to the higher ketonization rate of propionic acid on t-ZrO 2 versus on m-ZrO 2 during the steady-state ketonization.
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Experiments and Methods
Catalyst Preparation
The monoclinic zirconia (m-ZrO 2 ) and tetragonal zirconia (t-ZrO 2 ) were prepared by the solvothermal method [52] using water and methanol (Tianjin Kemiou Chemical, Tianjin, China) as solvent, respectively. 25.76 g of Zr(NO 3 ) 4 ·5H 2 O (Admas Reagent, Shanghai, China) was added to 100 mL water or methanol to prepare the water or methanolic solution (0.6 mol/L). Then, the amount of urea (Tianjin Kemiou Chemical) was mixed with water or methanolic solution with a urea/Zr 4+ molar ratio of 5 under stirring at room temperature. After that, the mixtures were added to the stainless-steel autoclave with a Teflon liner at 160 • C for 21 h. The resulting precipitates were washed with water or methanol several times, and dried for 12 h at 110 • C. Finally, the powders were calcined at 400 • C for 4 h with a heating rate of 2 • C/min.
Catalyst Characterization
The Brunauer-Emmet-Teller (BET) surface area of ZrO 2 was performed using a Micrometrics Tristar 3000 with a liquid nitrogen bath (Norcross, GA, USA). All the catalysts were pretreated at 300 • C for 3 h under the atmospheric pressure prior to analysis.
The phase structure of ZrO 2 was investigated by powder X-ray diffraction (XRD) on a Rigaku D/Max-2500 V/Pc diffractometer (Tokyo, Japan) under ambient conditions using a filtered Cu Kα radiation source (λ = 1.54056 Å) operated at 40 kV and 20 mA. Data was collected in the angle range of 20-100 • with a scanning rate of 4 • /min.
The Raman spectra were collected using a Renishaw Raman spectrometer (Wotton-under-Edge, UK) with the Ar + laser (532 nm) being the exciting light source. The focusing spot size was about 1 µm. The spectra were collected at a resolution of 2 cm −1 with an acquisition time of 10 s/scan at room temperature.
X-ray photoelectron spectroscopy (XPS) data were recorded on a Physical Electronics PHI 1600 (Chanhassen, MN, USA) with monochromatic Al Kα X-rays (1486.6 eV) operated at 250W and 15 kV in a chamber pumped down to a pressure of approximately 1.6×10 −8 Pa. The correction of the binding energy (BE) employed the C 1s peak of adventitious carbon at 284.6 eV.
Temperature-programmed desorption of NH 3 and CO 2 (NH 3 -TPD, CO 2 -TPD) was measured using a Cirrus 200 mass spectrometer (MKS, Austin, TX, USA) [37] . The ZrO 2 (200 mg, 40-60 mesh) was loaded into a quartz tube reactor, pretreated at 350 • C in He (30 mL/min) for 60 min, then cooling to 50 • C (30 • C). After pretreatment, ZrO 2 was saturated at 50 • C with 2% NH 3 -He (at 30 • C with 5% CO 2 -He) for 30 min (50 mL/min), and then subsequently purged with He (30 mL/min) for 60 min to remove all the physisorption NH 3 (CO 2 ). The desorption of chemisorbed NH 3 (CO 2 ) was carried out in the He flow (30 mL/min) with ramping temperature from 50 • C (30 • C) to 600 • C at a rate of 10 • C /min. The measurement of NH 3 (CO 2 ) evolution was studied through a TCD detector, and the desorption peak of NH 3 (CO 2 ) was quantified by calibrating the area using a 2% NH 3 -He (5% CO 2 -He) with a six-port valve.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed using the PerkinElmer Frontier spectrometer (Waltham, MA, USA) with the DTGS detector. 40 mg samples were pressed into self-supporting wafers, then mounted into the in situ cell. Before the test, the samples were pretreated at 350 • C in He (30 mL/min) for 60 min, then cooled to the adsorption temperature. The DRIFTS of the pretreated samples were used as background. For the adsorption of pyridine, 0.5 kPa pyridine was injected at 30 • C for 30 min under He (30 mL/min), then purged for 60 min. Following that, the DRIFTS of pyridine adsorption were recorded. The adsorption of propionic acid was measured at 300 • C. 3.9 kPa propionic acid was injected with He (30 mL/min) as carrier gas. The system reached a steady state after 15 min. Then, propionic acid was stopped and purged with He (30 mL/min) for 120 min. The TPD of adsorbed 3-pentanone was carried out. The adsorption process was similar with that of propionic acid. After reaching saturated adsorption of 3-pentanone at 50 • C, the in situ cell was purged under He (30 mL/min) for 60 min, then increased from 50 to 250 • C at a heating rate of 5 • C/min. All the DRIFTS were recorded at a resolution of 4 cm −1 , with 32 scans in the range of 4000-1000 cm −1 .
Catalytic Activity
Vapor ketonization of propionic acid was measured in a fixed-bed quartz tube reactor at 300-375 • C and atmospheric pressure [37] . Catalysts with 40-60 mesh were loaded in the center of reactor between the two layers of quartz wool, and pretreated at 350 • C for 30 min in Ar as carrier gas, controlled by the mass flow; then, the temperature was decreased to the reaction temperature. A K-type thermocouple was placed in the reactor for the measurement of the catalysts bed temperature. Propionic acid was introduced by a syringe pump (KDS100, kd scientific, Holliston, MA, USA). The molar ratio of Ar and propionic acid was 25. All lines were heated at 220 • C to avoid any condensation of reactants and products. The products were quantified online using a gas chromatograph (GC, 7890B, Agilent, Santa Clara, CA, USA). Finally, the products were collected by the methanol in the ice water bath. The conversion and selectivity are reported in Mol of carbon %.
Conclusions
The ketonization rate of propionic acid in the vapor phase was affected by the zirconia polymorph. The t-ZrO 2 catalysts show higher activity on propionic acid ketonization than m-ZrO 2 at 300-375 • C. There are more medium-strength acid base sites with lower coordination exposed on the m-ZrO 2 surface in comparison to t-ZrO 2 , strengthening propionic acid adsorption, although they are not of benefit in terms of increasing the reaction rate. The in situ DRIFTS of adsorbed propionic acid during reaction conditions demonstrate that monodentate and bidentate propionates are the most abundant surface intermediates. In addition, the monodentate propionates are much more active over bidentate propionates. Relative to m-ZrO 2 , t-ZrO 2 favors monodentate adsorption over bidentate adsorption, and diminish the adsorption strength of monodentate propionates, which are related to the zirconia polymorph. The higher ketonization rate obtained on t-ZrO 2 is due to the higher surface concentration and weaker adsorption of monodentate propionates contrast with that over m-ZrO 2 .
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